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INTRODUCTION

Nb3Snis a strain-sensitivesuperconductorwhichexhibits
largechangesin propertiesfor strainsof less than1 percent.
The criticalcurrentdensityat 12 T undergoesa reversible
degradationof a factorof two for compressivestrainsof about
1 percentand undergoesan irreversibledegradationfor tensile
strainson the Nb3Sngreaterthan0.2 percent. Consequently,
the successfulapplicationof Nb3Snin largehigh-fieldmagnets
requiresa completeunderstandingof the mechanicalpropertiesof
the conductor. One conductorwhichis beingused for manyappli-
cationsl-sconsistsof filamentsof Nb3Snin a bronzematrix,
and much progresshas been made in understandingthe mechanical
behaviorof thiscomposite.4The Nl@n filamentsare placed
in compressiondue to the differentialthermalcontractionbetween
Nt@n and bronzewhichoccurswhen the compositeis cooledfrom
the t@3Snformationtemperature(typically700 oC) to the 4.2 K
operatingtemperature.The generalbehaviorof the criticalcur-
rentwhen thisconductoris subjectedto a tensilestressis an
increaseto a maximumwhen the compressivestrainon the Nb3Sn
is relieved,followedby a decreaseas the Nb3Snfilamentsare
placedin tension. The degreeof precompressionis controlled
largelyby the ratioof bronzeto Nb3Snin the conductor.5

*workperformedunderthe auspicesof the U.S.Department
of Energyby the LawrenceLivermoreNationalLaboratoryunder
ContractW-7405-Eng-48.



Severalauthors6Y7havepresentedanalyticalmethodswhich
can be used to estimatethe residualstrainon the Nb3Snand
henceto predictthe strain-criticalcurrentbehaviorof the con-
ductor. Thesemethodshavebeen shownto work well for a specific
typeof conductor,i.e.,Nb$n filamentsin a bronzematrix.
However,thesemethodsare not adequateto explainthe results
whenotherconductorgeometriesare used or whenadditionalcom-
pressivestrainoccursdue to othercomponentsin the conductor.
In thispaper,we presentresultsfor a compositegeometryin
whichthe triaxialstrainstateis important,and we presenta
computercode whichcan predictthe conductorbehavior(aswellas
the behaviorof the bronze-matrix-typeconductor).In addition,
we presentresultsfor severalpracticalconductorsin which
precompressiondue to componentsotherthanthe bronzematrixis
important.

BRONZECORE,Nb TU8ECONDUCTOR

Afterthe discoverythatNbj5ncouldbe fabricatedby
reactingNb with Sn providedby a bronzematrix,a nutierof
differentmultifilamentaryconfigurationswereproposed. One
configuration,whichwe designateas the internalbronzeapproach,
consistsof Nb tubeswithbronzecoresin a coppermatrix. This
configurationhas severalpotentialadvantagesover the external
bronzeapproach,namelythe hb tubesserveas diffusionbarriers
so thatanotherelementsuchas Ta is not necessaryto preventSn
fromcontaminatingthe Cu, and each superconductorelementis sur-
roundedby a high conductivityCu matrixso thatcurrenttransfer
lengthsare much shorterthan in the externalbronzecase.

The fabricationand testingof severalconductorsbasedon
thisapproachare describedin Ref. 8. A computerprogramwas
developedwhichevaluatesthe triaxialstrainson the Nb$n in
thisconductor,and the detailsare presentedin Refs.9 and 10.
The computercode,MAXIMSUPER,treatsa single,cylindrical
repeatingelementof the entiremultifilamentcomposite.This
singlesuperconductingfilamentor tuberepresentsthe average
geometryand configuration(niobium-coreradius,Nb3Sn-layer
thickness,bronze-to-niobiumratio,and the amountof copper
matrixseparatingeach filamentfromits nearestneighbors).
Sincethisaveragefilamentis repeatedin a multifilamentary
compositesuperconductorfor thousandsof elements,its resulting
strainfieldsfromthermalexpansionand axialloadingshouldbe
fairlyrepresentativeof the overallcompositebehavior. Of
course,thismodelingis more accuratefor conductorswithuniform
high filamentdensitiesacrossthe compositecross-sectionalarea.
The code determinesthe three-dimensionalstrainfieldsby solving
Hooke’selasticityequationsfor an elementcomposedof the var-
iousmaterials(niobiumjNb+n, bronze?and copper)in their
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representativeproportions.The code then iteratesthe elastic
solutionswithknownplasticitydata,suchas the stress-strain
curvesof each material,to obtainan approximateplasticsolu-
tion. Since the calculatedstressesand strainsare reportedas
three-dimensionalaxialCz, radial~r, and azimuthalse compo-
nents,we calculatea geometricaveragestraindesignatedas the
effectivestrain,wherev is the Poisson’sratio,

<E> = m[(s,- ‘,)’+(., - .2)2+(E: Er)z]l” ,1,-zmv)

One uniquedistinctionis demonstratedby the MAXIMSWER
strainfieldpredictionsfor the br~nze-corefilamentgeometryas
compareato the niobium-coreconfiguration.Whilethe two con-
ductordesignsyieldapproximatelythe samez componentstrains
Ez, the radialEr and azimuthal~e strainsare ~ch higherfor
the bronze-corefilamentdesign. To illustratethiseffect,we
use the geometricalaveragingof the three-dimensionalstrain
fieldsto calculatethe effectivestrainin equationI and plot
thisvalueagainstthe intrinsic82 straincomponentfor a typi-
cai bronze-coreand a typicalniobium-corefilamentconductorin
Fig. 1. Note thatthe effectivestrainsare much higherfor the
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Fig. 1. The effectivestrainon the Nb$n layersobtainedfrom
Eq. 1 is plottedvs. the intrinsicz strainfor the
bronzecore-Nbtubeand the Nb filament,bronzematrix
geometries.
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bronze-coresample,becauseof the contributionsfromthe larger
tangentialstraincomponents.Otherstudieshaveconcludedthat
the peakcritlealcurrentsoccurat approximatelyzero strain;
however,for the bronze-coregeometry,the zero inhitMiC Ez
strainvalues,whichgive the peakcriticalcurrent,coincidewith
nonnegligibletangentialstraincomponentson the Nb+n zones.
Hence,the maximumcurrentdisplayedat zero intrinsicstrainis
the resultof a minimumin the effectiveaverageof the three-
dimensionalstrainfield,and the minimumvalueis not necessarily
zero. AnalyticalexpressionsinvolvingHooke’selasticityequa-
tionsin cylindricalgeometryshow thatthe mechanicalinterac-
tionsand hencethe stress-strainrelationsare not symmetricwith
respectto the interchangeof the materialpositionsin a fiber
composite. In fact,the effectivestrainincreaseslinearly
(Fig.1) withaxialloadingfor the niobiumcore and quadratically
for the bronze-coregeometry. Thispredictionis experimentally
verifiedin Fig. 2, whichis a plotof the measuredcritical
currentdensityof severalconductorsat H = 12 Teslaand a
resistivity(Pr = 10-llQ- cm) as a functionof the MAXIMSUPER
predictedresidualeffectivestrain(beforetensileloading).
In generalit showsthat,for the samebronze-to-Nb3Snratio,
we shouldexpectthe bronze-coregeometryto be inferiorto the

‘“:mO Multi-filamentary Nb3Sn m bronze

,“4 ~
O 0.2 0.4 0.60.81.01.21.4 1.6

Maximsuperpredictedresidualeffectivestrain(%)

Fig. 2. The measuredcriticalcurrentdensityas a function
of residualstrainpredictedby the computercode is
plottedfor variousconductorgeometries.
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Table I. Transition Temperature (K) of Nb3Sn Fabricated by the
Internal Bronze Approach (Measured Inductively)

Tc (Midpoint) Tc (Onset)

As Fabricated 16.20 17.35
With Cu Matrix Removed 16.50 ---
With Bronze Core Removed t 17.97 18.10

niobium-core design, with a decrease in critical current density
at 12 T of factors from three to ten times.

Some corroborating data on this effect, obtained on these
and other internal bronze samples by K. Aihara, T. Luhman, and
M. Suenaga,ll,12 are shown in Table 1. For a comparable bronze-
to-Nb ratio, the transition temperature depression in the internal
bronze conductor is about 1.8 K, compared with about 0.2 K for an
external bronze conductor .12 Similarly, if we plot the transi-
tion temperature reduction for the internal bronze sample on a
master plot13 of Tc reduction versus strain, this plot would
indicate a strain of greater than 1 percent in the Nb3Sn layer.

HFTF Nb3Sn SUPERCONDUCTOR

A cryostable Nb3Sn conductor designed to operate at 5 kA
and 12 T is being manufactured for the High Field Test Facility.2
This conductor consists of a core which is clad with half-hard
Cu after reaction. The core cross-section (Fig. 3) consists of

I 2 mm I

Fig. 3. Cross section of the HFTF conductor core. The core
consists of 18 strands in a Cu matrix; each strand
contains 15,895 Nb3Sn filaments.



58.percentCu, 30 percentbronze,10 percentNb3Snand 2 percent
Ta. The Cu in the core is annealedduringthe reactionstepand
contributeslittieto the precompressionon the Nb3Sn.11 Our-
ing the reaction,the bronzeis depletedof Sn and is annealed.
The resultingprecompressionof the Nb3Sncan be predictedby
graphicalmeansand by computermodeling,when the propertiesof
annealed,Sri-depletedbronzeare used. In addition,the strain-
criticalcurrentbehaviorcan be modeledby introducinga strain
dependencefor the parametersin Kramer’sscalinglaws.14 The
experimentalstrain-criticalcurrentbehaviorof the HFTFcore is
shownin Fig. 4. We also presentpreliminarybendingdata for
comparisonwith the tensilestraindata. The initialincreasein
criticalcurrentseen in the tensiletestsis not evidentfor the
bendingtests. However,the tensiledatadoes provideadequate
datawith whichto predictgeneralbendingbehaviorfor this
conductor.
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Fig.4. The criticalcurrent(normalizedto the valuefor zero
appliedstrain)is plottedas a functionof appliedten-
sile strainfor the HFTFcore. The changein critical
currentwithappliedtensilestrainis reversibleup to
a strainof 0.7 percent.
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Fig. 5. Experimentalstress-straindata for the HFTFcore and
HFTFcladchngat 4.2 K. The claddingis half-hardCu.

Subsequentto the reactionto formNb3Sn,additionalCu
(equivalentto approximately50 percentof the totalcrosssec-
tion)is solderedto the core. ThisCu has a yieldstrengthof
approximately300 Wa (Fig.5); hence>it willcontributeto the
precompressionon the Nb3Snwhen the conductoris cooledfrom
the claddingtemperatureto the 4.2 K operatingtemperature.The
calculatedvalueof additionalprecompressionon the Nb3Sndue
to differentialthermalcontractionbetween553 K and 4.2 K is
0.5 percent. Thisprecompressionoccursin two steps: duringthe
coolingfromcladdingtemperatureto 293 K and duringcoolingfrom
293K to 4.2K. The amountof compressivestrainactuallytrans-
mittedto the W$n duringthe firststepdependsupon the
experimentalconditions,in particular,the extentthat the solder
betweencore and claddingyieldsduringthe claddingoperation.
Experimentsare in progressto measurethe additionalprecompres-
sion in the HFTF conductordue to the Cu cladding.

Thisprecompression,due to the cladding,is usefulfromthe
standpointof proviaingmore straintoleranceduringcoil winding
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and coil operation. However,the Nb3Sncriticalcurrentis
reduceddue to the compression;thismustbe takenintoaccount
in designingthe conductor.

Additionalprecompressioncan be expectedfor the JAERI
designof the TMC conductor15and otherdesignsemployingcold-
workedcopperfor stabilization.

LCP-TYPECONDUCTOR

AnotherNb3Sn-baseconductorof practicalinterestis the
forced-flowconductorbeingutilizedin the LCP.1 Strandsof
0.7-mmdiametermultifilamentaryNb-bronzeare insulated,cabled,
and wrappedin a stainlesssteeljacketpriorto heattreatmentto
formh#33Sn.The strain-criticalcurrentbehaviorof the individ-
ual strandshas been measured16and the resultsare adequately
predictedby the analyticalmethod.7 In orderto verifythe
behaviorof thesestrandsin the finalconductor,a seriesof
sampleswere prepared17for testingin the LLNL tensiletesting
facility. The samplesconsistedof 81-strandcableswhichwere
compactedin type 304 stainlesssteeltubes,with approximately
33 percentof the crosssectionalareaavailablefor heliumcool-
ant (Fig.6). The ends of the samplewerecompacted,to form
currentterminations,and pinnedto the steeljacket,to insure
thatthe strainwas impartedto both the cableand the jacket.
Straingagesand voltagetapswere placedon the samplesin the
5-cmuniformfieldzoneof the testmagnet. The strain-critical
currentbehaviorfor thesesamplesis illustratedin Fig.7 and
comparedwith the single-stranddata. The initialcritical
currentvalues(forH = 8 T) are suppressedto 75 percentof the
single-strandvalues,and the peak in criticalcurrentis shifted
from-O.2 percentappliedstrainto-O.8 percentappliedstrain.
Althoughthe strain-criticalcurrentbehaviorfor the single
strandsand the totalconductorare quitedifferent,the critical
currentvalueat the peaksis the same for the two cases. In
orderto verifythat thisbehavioris due to the stainlesssteel
jacket,identicalsampleswith softcopperjacketswere tested
(Fig.7). Thesecriticalcurrentvaluesscaleddirectlyto the
valuesfor the singlestrands.

The behaviorof the jacketedconductorcomparedwith that for
the singlestrandsbecomesevidentwhen the thermalcontractionof
the stainlesssteeljacketis considered.The stainlesssteel
jacketcomprisesabout47 percentof the conductorcrosssection
and has a mean thermalexpansioncoefficienta = 15.3 x 10-6/oK.
The temperaturerangeoverwhichthe differentialthermalcontrac-
tionof the stainlesssteelmust be consideredis fromthe reaction
temperature(973K) to 4.2 K. When the propertiesof the stainless
steelare considered,two factorsbecomeimportant: (1) the dif-
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Fig. 6. Crosssectionof the LCP-ty~e conductor used in the
strain-critical current experiments.

ferences in thermal expansioncoefficients(stainlesssteelto
Nb=jSnand bronze to lW=jSn) are similar; (2) the higher yield
stress of the stainless steel compared to that of bronze, espe-
cially at higher temperatures, means that the stainless steel is
much more effective in applying a compressive strain to the
Nb+n. Whenthe dataappropriatefor stainless steel are used
to calculate the precompression on the Nb+n, a value of 0.8
percent precompressive strain is obtained, in good agreement with
the experimental results shown in Fig. 7. This value of precom-
pression is greater than that necessary to protect the Nb+n from
damageduringwinding and operation. Moreover, the decrease in
critical current at 12 T, compared to the unstrained case, is a
factor of two. Consequently, this configuration presents a sig-
nificant design problem to be overcome if the operation at 12 T
is to be optimized.
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and ?or 81-sixandLCP–typeconductors.

03NCLUSIONS

The behaviorexpectedfor severalconfigurationsof Nb3Sn
conductorshas beencalculatedand measured. The resultsshow

thatthe triaxialstrainstateof the Nb$n is importantfor
understandingthe behaviorof the Nb tube,bronze-coregeometry.

For practicalconductorsin whichstainlesssteelor
work-hardenedCu are used to providestrength,the additional
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precompressionon the hb3Sndue to thesecomponentsmust be
takenintoaccount.
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